We describe a combinatorial virtual screening approach for predicting high specificity heparin/heparan sulfate sequences using the well-studied antithrombin-heparin interaction as a test case. Heparan sulfate hexasaccharides were simulated in the 'average backbone' conformation, wherein the inter-glycosidic bond angles were held constant at the mean of the known solution values, irrespective of their sequence. Molecular docking utilized GOLD with restrained inter-glycosidic torsions and intra-ring conformations, but flexible substituents at the 2-, 3-, and 6-positions and explicit incorporation of conformational variability of the iduronate residues. The approach reproduces the binding geometry of the sequence-specific heparin pentasaccharide to within 2.5 Å. Screening of a combinatorial virtual library of 6859 heparin hexasaccharides using a dual filter strategy, in which predicted antithrombin affinity was the first filter and self-consistency of docking was the second, resulted in only 10 sequences. Of these, nine were found to bind antithrombin in a manner identical to the natural pentasaccharide, while a novel hexasaccharide bound the inhibitor in a unique but dramatically different geometry and orientation. This work presents the first approach on combinatorial library screening for heparin/heparan sulfate GAGs to determine high specificity sequences and opens up huge opportunities to investigate numerous other physiologically relevant GAG-protein interactions.
Introduction
Glycosaminoglycans heparin and heparan sulfate play diverse roles in a number of physiological and pathological processes including coagulation, 1,2 angiogenesis, 3, 4 immune response, 5, 6 and viral infection. 7, 8 These functions originate from their interaction with numerous proteins, which include serpins, antithrombin and heparin cofactor II, 1,2,9 coagulation proteinases, 10 fibroblast growth factors and their receptors, 3,4,11 platelet factor-4, 5, 12 interleukins, 8, 13 and viral cell envelope glycoproteins. 7 It is commonly assumed that these roles arise from an optimal combination of specificity and affinity, yet, except for the interaction with antithrombin (AT), 1, 2, 14, 15 and perhaps with glycoprotein D of herpes simplex virus-1, 16 ,17 specificity of heparin and heparan sulfate (HS) a interactions remain ill-defined and poorly understood.
A major reason for the ill-defined structure-activity relationships in these heparin/HS interactions is the phenomenal structural diversity of heparin/HS glycosaminoglycans (GAGs) and its concomitant difficulties, especially synthesis, purification, and structure identification. 18 Both heparin and heparan sulfate are complex, highly anionic polysaccharides composed of alternating 1f4-linked glucosamine and uronic acid residues, which are variously modified through sulfation, acetylation, and epimerization. 19 These modifications can produce 48 different building blocks, or disaccharides, of which 23 have been found to date. Further, the iduronic acid residue (IdoAp) can exist in multiple conformations, especially 1 C 4 and 2 S O for internal locations, that can interconvert relatively easily. 20, 21 Thus, combination of structural and conformational variability generates millions of sequences, of which few are expected to recognize a target protein. This expectation is further borne out by the growing evidence that the heparan sulfate biosynthetic apparatus has considerable specificity and organization. 22 On the protein front, considerable effort has been made in trying to deduce consensus binding sequences that recognize heparin structures. Whereas Cardin and Weintraub suggested linear consensus sequences with specific repeat pattern to be important for heparin binding, others have suggested a spatial distance relationship. [23] [24] [25] Although it is clear that arginine and lysine residues lining protein surfaces dominate heparin-binding sites, their optimal 3D orientation that generates high specificity and affinity remains unclear. The situation is further compounded because not all arginine and lysine interactions with sulfate and carboxylate groups of heparin/HS are identical. While heparin interaction with antithrombin and basic fibroblast growth factor involves ∼40 and 30% ionic binding energy, 26, 27 respectively, that with thrombin involves ∼80%. 28 Thus, identifying the precise heparin-binding site on proteins, although expected to be straightforward, has not been an easy task.
In the past decade, fifteen heparin-protein cocrystal or NMR structures have become available. These include complexes with thrombin, 29 growth factor and growth factor receptors, [30] [31] [32] annexin V, 33 heparan sulfate 3-O-sulfotransferase, 34 RANTES, 35 and antithrombin. Of these, antithrombin is the most studied protein with five cocrystal structures detailing the interaction of a five-residue sequence with the inhibitor in either a binary or a ternary complex. [36] [37] [38] [39] Yet, these represent a small fraction of the vast number of physiologically active complexes. Further, except for with antithrombin, the 'heparin' structure reported in these complexes is the fully sulfated saccharide, the most common structure found in heparin, which may not be the optimal sequence.
In view of the limited structural knowledge on GAG-protein interactions and the phenomenal structural diversity of HS, computational docking approaches represent a powerful means of assessing binding affinity and specificity. In fact, the computational literature is replete with numerous GAG studies, yet no approach has been devised that predicts high specificity sequences. Modeling GAGs is challenging because of their high negative charge density, which induces recognition of practically any collection of positively charged residues and their surfaceexposed, shallow binding sites on proteins. [29] [30] [31] [32] [33] [34] [35] With respect to antithrombin in particular, two computational attempts have been made to understand heparin binding with mixed results. 40, 41 Both Grootenhuis and van Boeckel 40 and Bitomsky and Wade 41 attempted to derive the heparin pentasaccharide binding site on antithrombin using molecular dynamics and docking, but their modeled geometry turned up to be significantly different from the cocrystal structure. Similar challenging results were noted with our small, sulfated molecules, which were rationally designed to recognize the pentasaccharide-binding site in antithrombin but were found to preferentially interact with the extended-heparin binding site. [42] [43] [44] Thus, we reasoned that a robust docking protocol for GAGs in general, and heparin/HS in particular, would be very useful for understanding specificity of their interactions.
This paper describes our novel approach of predicting high specificity GAG sequences with the well-studied antithrombinheparin interaction as a test case. Our approach is based on a two-filter strategy, with the first step involving an affinity filter followed by a geometry convergence filter using the genetic algorithm-based docking tool, GOLD. 45 The two-filter strategy rapidly sorted a combinatorial virtual library of nearly 7000 heparin hexasaccharides into specific and nonspecific sequences, thus suggesting its potential use for identifying 'needle(s) in a haystack'.
Computational Methods
Software/Hardware. SYBYL 6.9.2 (Tripos Associates, St. Louis, MO) was used for molecular visualization, for minimization, and for adding hydrogens to protein structures from the Protein DataBank. All modeling was performed on MIPS R16K or R14K IRIX 6.5-based SGI Tezro and Fuel graphical workstations. GOLD, version 2.2, 45 was used for docking experiments. Combinatorial GAG structures were built in an automated manner using in-house SPL (SYBYL Programming Language) scripts.
Energy Minimizations. Energy minimization of modeled structures was performed to optimize the geometric conformation of GAG and AT. Except where stated, energy minimization was performed using the Tripos force field with Gasteiger-Hückel charges, a fixed dielectric constant of 80, and a nonbonded cutoff radius of 8 Å. Minimization was carried out for a maximum of 5000 iterations subject to a termination gradient of 0.05 kcal/(mol‚ Å).
Protein Coordinates. The coordinates for the activated form of AT were extracted from the crystal structure of the ternary ATpentasaccharide-thrombin complex (PDB entry 1TB6). 38 Hydrogen atoms were added in SYBYL 6.9.2, and the structure was minimized with fixed heavy-atom coordinates using the Tripos force field for 1000 iterations subject to a termination gradient of 0.05 kcal/(mol‚ Å). Single-point mutants of AT, including K114Q, K125M, and R129H, were generated using the residue mutation protocol in SYBYL. The side-chains of the mutated residues were optimized through energy minimization in which the all other side chains were held rigid.
Coordinates for Synthetic Pentasaccharide H5 CRYS . The 1TB6 antithrombin-heparin-thrombin ternary crystal structure 38 has a heparin chain containing a synthetic pentasaccharide sequence, H5 CRYS , which is a variant of the natural pentasaccharide DEFGH (Figure 1 ). This synthetic pentasaccharide H5 CRYS has six O-sulfate groups in residues D (position 6), F (positions 2, 3, and 6), and H (positions 2 and 6), has glucose residues instead of glucosamines, and has all available OH groups in residues D (positions 2 and 3), E (positions 2 and 3), G (positions 2 and 3), and H (positions 1 and 3) protected in the form of OCH 3 groups (Figure 1 ). In SYBYL, the atom type of sulfur and oxygen atoms in SO 3 groups was modified to S.o2 and O.co2, respectively, and the bond type between these atoms was modified to aromatic bond. Hydrogen atoms, absent in the PDB structure, were added in SYBYL, and the resultant structure was minimized to optimize geometry of hydrogen atoms only (no change in non-H atoms).
Natural Pentasaccharide DEFGH Coordinates. The sequencespecific pentasaccharide H5, or sequence DEFGH (Figure 1) , was modeled by introducing the necessary changes to the 1TB6 pentasaccharide. The methylated anomeric reducing end was retained to simulate the environment of the +1 residue. Several research groups have reported φ H /ψ H inter-glycosidic torsion angles for heparin sulfate-like GAGs (HL-GAGs) in the free and bound conformations. 20, 36, [46] [47] [48] [49] These torsion angles fall within a relatively narrow range and suggest that they remain fairly constant irrespective of a change in substitution pattern around the inter-glycosidic bond. Thus, we utilized an average value of bond torsion for each inter-glycosidic linkage, which was the mean of the two extremes reported in the literature. The natural sequence H5 was minimized at the average φ H /ψ H values, subject to a restraining force constant of 0.01 kcal‚mol -1 ‚deg -2 . The final φ H /ψ H values, following minimization, deviated by not more than (7°from the initial values. The minimized structure retained the initial 2 S O IdoAp conformation and was used for docking studies.
Coordinates for Variant Pentasaccharides. The 'averagebackbone' natural pentasaccharide DEFGH structure was used as a template for the generation of H5 variants. These variants include truncated forms, tetrasaccharides H5-H and H5-D, trisaccharides H5-GH and H5-DE, and functional group variants H5+3S H , H5+3S E , H5+3S G , H5-6S D , H5-3S F , and H5-2S H (Figure 2 ). For each of these structural variants, following appropriate structural modifications in the natural pentasaccharide sequence, minimization was performed with constraints that retain the average φ H /ψ H values. In addition to these structural variants of the natural sequence, a DEFGH sequence was also prepared in which the iduronic acid residue G was in the 1 C 4 conformation, labeled as H5/G*, rather than the 2 S O form. The 1 C 4 IdoAp ring coordinates were taken from the crystal structure of FGF2-GAG (PDB entry 1BFC), 30 and the structure was minimized as described above.
Coordinates for HL-GAG Virtual Library. The coordinates for the HL-GAG sequences of the virtual HS hexasaccharide library were generated with a series of SPL scripts and a set of nineteen HS disaccharide building blocks (Figure 3) . Although the number Figure 1 . Structure of natural pentasaccharide H5 and its derivative H5CRYS extracted from crystal structure study of Li et al. 38 and used in docking studies. D, E, F, G, and H refer to historical label of residues from the nonreducing end. Sulfate groups in H5 highlighted as filled ovals are critical for high-affinity interaction with antithrombin.
of possible HL-GAG UAp(1f4)GlcNp disaccharides is 48, only 23 have been experimentally observed. On the basis of sequencespecific natural pentasaccharide sequence, we restricted our library to include GlcAp sequences that have GlcNp3S and IdoAp sequences that do not contain GlcNp3S. Because IdoAp residues in heparin can exist either in the 2 S O or 1 C 4 conformations, each IdoAp residue was modeled explicitly in these two different states. Thus, our virtual library consisted of 16 IdoAp-and 3 GlcApcontaining disaccharides generating a total of 19 building blocks ( Figure 3) .
GlcAp-and 2 S O -IdoAp-containing disaccharides were generated using the EF and GH residues from the 1TB6 cocrystal structure as template, while the template for the 1 C 4 -IdoAp disaccharides was obtained from the 1BFC structure. 30 Appropriate side-chain modifications were made to generate the 19 building blocks. Each disaccharide was minimized at the average φ H /ψ H value subject to a restraining force constant of 0.01 kcal‚mol -1 ‚deg -2 . The 19 disaccharides were then used to build a combinatorial HS hexasaccharide library using an SPL script, following which each sequence was minimized with 10000 iterations as described above in an automated manner. Thus, the HS combinatorial library contained 19 × 19 × 19 ) 6859 hexasaccharide sequences.
Docking of HL-GAG Sequences. Docking of saccharide ligands onto the activated form of antithrombin was performed with GOLD v.2.2. 45 The binding site in antithrombin was comprised of all atoms within 16 Å from the C atom of Phe121 in the D helix. This definition of the binding site covers all important known heparinbinding residues including Lys11, Arg13, Arg46, Arg47, Trp49, Lys114, Phe121, Lys125, Arg129, and Arg132. 1,2,36 GOLD is a "soft docking" method that implicitly handles local protein flexibility by allowing a small degree of interpenetration, or van der Waals overlap, of ligand and protein atoms. GOLD also optimizes the positions of hydrogen-bond donating atoms on Ser, Thr, Tyr, and, most importantly, Lys residues as part of the docking process. Whereas all saccharide bonds were constrained for the rigid body docking experiment, only the inter-glycosidic bonds were constrained when docking structures with the average torsion angles. Unless specified otherwise, default parameters were employed during the GOLD docking runs.
For the native H5 sequence, and its truncated and variant forms (Figure 2 ), docking was performed using no speed-up and a genetic algorithmic search with 100000 iterations for each of 10 runs. In this search, GOLD starts with a population of 100 arbitrarily docked ligand orientations, evaluates them using a scoring function (the GA "fitness" function) and improves their average "fitness" by an iterative optimization procedure that is biased toward high scores. As the initial population is selected at random, several such GA runs are required to more reliably predict correct bound conformations. In this study 10 GA runs were performed with the GOLD score as the "fitness" function. Collectively, these 10 GA runs will be referred to as one docking experiment. In addition, to enhance speed, the GA was set to preterminate if the top two ranked solutions were within 2.5 Å RMSD. Docking experiments were performed in triplicate to ensure reproducibility and to reduce false positives. The top two solutions of each docking experiment were considered for further analysis. Thus, a typical triplicate docking experiment would yield a minimum of six solutions.
In contrast, when docking the HS combinatorial library made from 19 disaccharides (Figure 3 ), a two-step docking protocol was utilized. The first step consisted of screening all possible sequences using 10000 GA iterations (7-8× speed up) and GOLD score evaluation of only the top-ranked solution. This step identified the most promising sequences (∼ top 1%) that have a relatively high GOLD score. The second step consisted of docking these most interesting sequences according to the protocol described above for the natural pentasaccharide DEFGH and its variants.
Docking was driven by the GOLD scoring function. Although this scoring function correlates with the observed free energy of binding, a modified form of the scoring function has been found to be more reliable. 50 This modified GOLD score, which utilizes hydrogen-bonding and van der Waals interactions (eq 1), was used to rank the final docked solutions.
where HB EXT and VDW EXT are the "external" (nonbonded interactions taking place between the ligand and receptor) hydrogen bonding and van der Waals terms, respectively.
Results and Discussion

GOLD Predicts the Binding Geometry of Synthetic
Pentasaccharide H5 CRYS to within 0.6 Å. The ability to predict the conformation of GAG in the receptor-bound state was studied using a rigid body docking procedure in GOLD. The rigid body docking procedure reduces the search space significantly and allows an assessment of GOLD's fitness function, which is comprised of four energy terms: external and internal hydrogen bonding and external and internal van der Waals energy. Docking was evolved for 100000 iterations in each of the runs to ensure sampling of most of the conformational space available in the predefined binding site on antithrombin. Further, to ensure greater confidence in docked geometries, the process was repeated three times.
Successful docking is typically evaluated by RMS difference between the docked solution(s) and the X-ray geometry, if GOLD‚Score ) HB EXT + 1.375 × VDW EXT (1) available. While a RMSD value of less than 1.0 Å would indicate near identity of the two geometries, values between 1. 0 and 3.0 Å have been utilized by many researchers to indicate correctly docked geometries of drug-like small molecules (MW < 500). [51] [52] [53] Considering that our penta-and hexasaccharides are significantly bigger (MW ∼ 2000) and the resolution of antithrombin-heparin-thrombin crystal structure was only 2.5 Å, 38 we employed a 2.5 Å RMSD criterion. When the synthetic pentasaccharide H5 CRYS was docked onto antithrombin, the GA search preterminated in all three independent runs, each with a high GOLD score of greater than 100. All six solutions were identical with an inter-solution RMSD of less than 0.6 Å, suggesting a strong preference for this orientation in the binding site (not shown). Comparison of these solutions with the H5 CRYS structure present in the crystal suggests identical orientation and binding site. The maximal RMSD between the docked solutions, and the crystal structure was also 0.6 Å. In addition, interaction at the atomic level for the docked and cocrystal complexes were found to be essentially identical, suggesting that the rigid-body docking procedure can reliably identify the binding geometry and the binding site of the most active pentasaccharide sequence.
Prediction of Binding Geometry of Natural Pentasaccharide Sequence DEFGH with an "Average GAG Backbone" Conformation to within 2.5 Å. X-ray fiber diffraction studies indicate that GAGs adopt a helical structure, 54 which has now been confirmed through several crystal structures. [29] [30] [31] [32] [33] [34] [35] For heparan sulfate-like GAGs (HL-GAGs), the helix has a 2 1 symmetry with inter-glycosidic torsion angles
) constrained to generate the helix. These conclusions are borne out in a number of NMR and molecular dynamics studies on heparin 20, 47, 55 and heparin oligosaccharides, 46, 48, 49 which show that the φ H /ψ H angles vary within a relatively narrow range in solution. Thus, heparin appears to maintain a 2-fold helix irrespective of its sequence and substitution patterns. Additionally, crystal structures of pentasaccharide-antithrombin [36] [37] [38] [39] and hexasaccharide-FGF 30 complexes demonstrate that only small changes in φ H /ψ H angles occur on protein binding, a result also observed with NMR studies of pentasaccharides bound to AT. 46, 49 Compiling these results indicates that φ H and ψ H values vary from 35°to 61°and 6°to 25°, respectively, for the UAp(1f4)-GlcNp inter-glycosidic linkage, while φ H varies between -68°a nd -9°and ψ H varies between -60°and -1°for GlcNp-(1f4)UAp linkage. These variations represent a maximal change of only 19 to 59°, or less than (30°, a relatively small deviation considering the large number of possibilities for a structurally diverse molecule. Thus, we reasoned that HL-GAGs, irrespective of their sequence and substitution pattern, could be simulated by an "average" structure, wherein the φ H /ψ H interglycosidic bond angles are held constant at the mean of known solution values. This implies that docking of any heparin/HS sequence with an "average backbone" model should reliably simulate the physiological GAG binding structure.
To test our hypothesis, the natural sequence-specific pentasaccharide H5 (Figure 1 ) was modeled in which interglycosidic torsions were held at the 'average backbone' values, rather than set to those obtained from the crystal structure of H5 CRYS . Docking was performed in which the inter-glycosidic torsions and intra-ring conformations were held constant, while substituents present at the 2-, 3-, and 6-positions were allowed conformational flexibility. All three docking experiments terminated rapidly indicating a strong preference for one type of binding geometry. Figure 4 shows a comparison of the six GOLD solutions with the geometry present in the crystal structure. All six solutions predict an essentially identical binding geometry, an observation typically not found in such statistical docking studies. Small differences are found for the orientation Comparison of GOLD predicted binding geometry of natural pentasaccharide H5 having 'average backbone' with that of H5CRYS determined in the crystal structure. H5 with average inter-glycosidic bond parameters ('the average backbone') was docked onto antithrombin. Structurally H5 differs from H5CRYS (see Figure 1 ). An overlay of six solutions from three independent docking runs shows high consistency in the predicted binding geometry, which matches the crystal structure geometry with an RMSD less than 2.5 Å. The structure in green is the crystal structure geometry, while those in atom-type color (red, yellow, gray, and blue) are six docking solutions. Note the identical orientation of key groups, 2-and 3-OSO 3 -of residue F (2SF and 3SF), 6-COO -of residue E (6AE) and 6-OSO3 -of residue D (6SD). Helices A, D, and P of antithrombin (in ribbon diagram) are indicated as hA, hD and hP, while D, E, F, G, and H labels correspond to residues of the pentasaccharide. K114, K125, and R129 are shown in ball-andstick representation. See text for details.
of the terminal OSO 3 -and OCH 3 groups, especially in the G and H residues. All six solutions were within 2.5 Å RMSD (Figure 4 ) of each other and comparison of these structures with H5 CRYS present in the crystal structure indicates nearly identical orientation, conformational state, and interactions ( Figure  4) .
Analysis of the GOLD solutions at the atomic level facilitates identification of groups important for specificity of interaction. For example, the average RMSDs for the sulfate groups at positions 2 and 3 of residue F were found to be 0.2 ( 0.1 and 0.3 ( 0.2 Å, indicating a virtually invariant conformation in all solutions. Likewise, the average RMSDs for sulfates at 6 and 2 positions of residues D and H, respectively, were found to be 1.1 ( 0.5 and 1.0 ( 0.8 Å suggesting reduced tendency for alternative rotational states. In contrast, the average RMSDs of sulfates at the 6-, 2-, and 6-positions of residues F, D, and H were 2.4 ( 1.2, 2.1 ( 1.2, and 1.6(0.9 Å, respectively, indicating greater conformational variability. Our docking results suggest that four sulfate groups, at positions 6-, 2-and 3-, and 2-of residues D, F, and H, respectively, have minimal conformational variability in the binding site. Thus, these sulfate groups, organized in a specific three-dimensional orientation, afford the specificity of interaction, a conclusion proposed earlier on the basis of a large number of structure-activity studies (see Figure 1) . 2, 14, 15, 26, 61 Prediction of Binding Geometry with a Flexible H5 Fails To Give Reasonable Solutions. The above docking procedure utilized constrained intra-and inter-glycosidic conformations to maintain solution-state structure in the protein-bound state. To test whether full conformational flexibility during docking would result in better predictability, docking of H5 was performed under conditions wherein the HL-GAG backbone and saccharide conformations were unrestrained. Striking differences were noted in these docking studies. None of the three docking experiments converged, suggesting a lack of preference for a defined binding geometry (not shown). In addition, the final six solutions display completely random profiles. Further, the pyranose rings in the docked solutions were found to exhibit conformations not found in solution. To test whether partial flexibility is tolerated, H5 was docked with unrestrained interglycosidic torsions, but constrained intra-ring torsions matching geometries in their bound state. The RMSD matrix showed an inconsistent set of six solutions corresponding to several different binding geometries (not shown). Only 1 of these geometries was within 2.5 Å RMSD of H5 CRYS . These experiments suggest that determining binding geometries with a fully flexible ligand, though highly desirable, is difficult. These results demonstrate that the imposition of an average backbone constraint significantly increases the chances of arriving at the true binding geometry by reducing the GA conformational search space.
The Docking Protocol Sorts Pentasaccharides Based on Specificity of Interaction with Antithrombin. The natural pentasaccharide sequence H5 is a rare sequence in heparin in which the EF unit (Figure 1 ) with the presence of the 3-Osulfate group is both unique and interesting. Studies with a large number of H5 derivatives have led to the understanding that other sulfate groups present in the pentasaccharide sequence, e.g., the N-sulfate of D and 6-O-sulfate of F, are not important. 56 Interestingly, certain analogues with sulfation level higher than H5, e.g., H5+3S E and H5+3S G (Figure 2) , were less active than H5, in sharp contrast to the expectation that greater sulfation level, especially 3-O-sulfation, would induce higher antithrombin-affinity. 56 At the same time, our studies suggested that 3-Osulfation of residue H was not detrimental to biological activity. 26, 57 An obvious explanation for the changes in antithrombin affinity is the loss or gain of favorable or unfavorable interactions. Yet, this explanation suggests that individual interactions affect the changes independently. To gain a more fundamental understanding, we studied the docking of several H5 variants including H5-3S F , H5-6S D , and H5-2S H (Figure 2) , lacking a sulfate at position 3 in F, position 6 in D, and position 2 in H, respectively, onto antithrombin. In addition, H5+3S E and H5+3S G , described above, and a heparin hexasaccharide with common repeat sequence GH (IdoAp2S-GlcNp2S6S) were also studied. Finally, an H5 sequence with IdoAp residue locked in the unfavorable 1 C 4 conformation (H5/G*) was studied to understand the importance of conformational flexibility in this residue.
These H5 analogues were prepared in silico, minimized at the average GAG φ H /ψ H values, and docked using the protocol described above for H5. Figure 5 shows the RMSD between the solutions obtained in three docking experiments for each of the H5 variants. Whereas for H5, all six solutions are essentially identical with RMSD less than 2.5 Å (Figure 5A ), none of the variants display this behavior. For example, H5-3S F , lacking the critical 3-O-sulfate group, displays only two RMSDs within 2.5 Å (Figure 5B ), while H5+3S E , possessing an additional 3-Osulfate in residue E, displays only one ( Figure 5C ). Likewise, the number of docked solutions that are within 2.5 Å RMSD of each other is 8, 7, and 4 for H5-2S H , H5-6S D , and (GH) 3 , respectively, out of the possible 15, while that for H5+3S G and H5/G* are 6 and 1, respectively (not shown). Thus, whereas 100% of solutions are found within 2.5 Å of each other for H5, only 53%, 47%, and 13% are found for H5-2S H , H5-6S D , and H5-3S F , respectively. For H5+3S E and H5+3S G , variants with additional 3-O-sulfation, this percentage is 13 and 40%, while for 1 C 4 conformationally locked H5 (H5/G*) it is only 6.7%.
The above results indicate that self-consistency of docking geometries is sensitive to sulfate group distribution and pentasaccharide topology. Alternatively, the loss or gain of sulfate groups or 1 C 4 iduronate conformation gives rise to alternate binding modes significantly differing from each other and from that of the natural high-affinity sequence H5. A closer inspection of the binding geometries suggests that many of these variant sequences favor a completely different pattern of interactions. These altered preferences, especially a multitude of them, are likely to be nonproductive, generating significant nonspecific binding, thus resulting in a loss of binding affinity. Thus, these docking experiments indicate that the 'self-consistency' of the RMSD matrix of top-ranked solutions is a sensitive measure of GAG specificity.
GOLD Scores Correlate with Antithrombin Affinity. Implicit in our docking protocol is the assumption that GOLD scores correlate with protein binding affinity. To establish that this is indeed true, we studied the docking of pentasaccharide variants with antithrombin for which the binding affinity had been measured under standardized conditions. 2,26,57-60 These include H5, H5+3S H , H5-GH, H5-H, H5-D, and H5-DE binding to wild-type antithrombin 2, 26, 57 and H5 binding to R129H, K125M, and K114Q antithrombin mutants. [58] [59] [60] These nine complexes represent a range of ∼12 kcal/mol in free energy of binding, a wide range spanning very strong to very weak interactions. Docking was performed in a manner identical to that for native pentasaccharide H5 and the top solution analyzed for binding energy correlation. Figure 6 shows a profile of modified GOLD score versus the observed free energy of binding under physiological conditions. For the nine complexes studied, the modified GOLD score increased linearly from ∼95 to ∼150 giving a slope of 4.2 GOLD score units per kcal/mol and an intercept of 78.9.
The reasonable linear correlation between modified GOLD score and ∆G°O BS validates the docking protocol. Yet, the slope of 4.2 GOLD score units per kcal/mol reflects a less-thanoptimal sensitivity to structural change, especially considering that multiple docking geometries were not considered in the analysis. In general, predicting protein-binding affinities of GAGs has been difficult because of the exposed nature of the binding site and the unquantified interaction parameters of sulfate groups. In addition, knowledge-based or empirical scoring functions do not take into account entropic contributions to ∆G°, which arise from the release of Na + and H 2 O species from antithrombin surface following saccharide binding and are the dominant factors in the stabilization of the complex. Finally, the scoring function cannot compute the energy required for conformational flips of iduronate residues as well as the energy consumed to induce an allosteric, two-step binding interaction necessary for antithrombin. 26, 57 In light of these unknowns, the correlation observed in Figure 6 is reasonably good, especially considering that the affinity varies from the high µM to the low nM.
Identification of High-Affinity, High Specificity Sequences through a Combinatorial Virtual Screening Approach. Although a large number of proteins interact with HL-GAGs in our body, little information is available on sequences that recognize these proteins. This is also the status for other GAGs, such as dermatan sulfate, chondroitin sulfate, and keratan sulfate. In addition, knowledge regarding the specificity of these interactions is completely lacking. We reasoned that our protocol, which combines two functionssaffinity in the form of GOLD score and specificity in the form of consistency of dockingsrepresents a powerful tool to deduce high-affinity GAG sequences that bind proteins with high specificity.
To test this hypothesis, we generated a combinatorial library of heparin hexasaccharides for docking onto antithrombin. The library was generated from a set of 19 disaccharides ( Figure  3 ), which included all monosaccharides found in nature, except for the rare free glucosamines. 22 The library considered the conformational flexibility of IdoAp residues in an explicit manner through inclusion of both 1 C 4 and 2 S O conformations. Thus, the combinatorial library consisted of 6859 unique heparin hexasaccharides built with the 'average backbone' geometry in an automated manner.
A biphasic docking protocol was used for screening this library. The first phase evaluated the binding of each hexasaccharide onto antithrombin using 10000 iterations (7-8× speedup), instead of 100000 (no speed-up), followed by GOLD score screening. The histogram of GOLD score frequency obtained from this analysis suggests an approximately Gaussian distribution of sequences centered between 40 and 55 GOLD score units with the highest at 115 (Figure 7) . A majority of hexasaccharides, 6352 sequences or 92% of the total, have a GOLD score of 75 or less, suggesting that these sequences minimally or do not bind antithrombin. Nearly 6.4% or 439 sequences have a GOLD score between 75 and 100. This score corresponds to µM to mM antithrombin affinity, most probably arising from nonspecific, nonproductive interactions.
Less than 1% of the sequences or 28 sequences, each with a GOLD score greater than 100 were identified as 'hits' or highaffinity sequences. Of these 28 sequences, 23 were strikingly similar in possessing three sulfate groups, 6S D , 3S F , and 2S F . In addition, these 23 sequences had a glucuronic acid residue in the 'E' position. This similarity is particularly significant considering that 513 sequences of the 6859 hexasaccharides, i.e., ∼7%, contain these structural features. In other words, the 'DEF' motif has been enriched from ∼7% to ∼82% through the affinity filter. The 28 'hits' identified in the affinity screen were then subjected to specificity analysis through a 'consistency test' with 100000 iterations over triplicate docking runs. This step involved greater evolution of docking geometries, whereby significantly more conformational space around the binding site is searched multiple times. Of the 28 high-affinity sequences, 10 docked to consistently give a single geometry with an RMSD of less than 2.5 Å among the top six solutions (Figure 8 ). The other 18 sequences did not dock consistently 100% of the time. The self-consistent binding geometry for each of the 10 sequences indicates a high specificity interaction. Of the 10 sequences, 9 bind antithrombin in manner identical to the natural pentasaccharide H5, while one hexasaccharide interacts with a significantly different geometry and orientation (Figure 8) .
A closer look at these 9 sequences shows that 8 contain the f4) GlcNp6S (1f4) GlcAp (1f4) GlcNp2S3S (1f structure that matches key structural features within DEF necessary for high-affinity interaction with antithrombin ( Figure 1) . 2, 26, 57 The last sequence in this category also has this structure, except for the absence of 6S D . Structural differences within DEF in these eight sequences include the presence of either an acetyl or a sulfate group at the 2 position of residue D and the presence or absence of a sulfate at 6-position of residue F. Our virtual screening shows that an IdoAp residue, either with or without a sulfate in 2-position, is consistently present at the G location in these 9 sequences (Figure 8 ). Alternatively, GlcAp residue is forbidden in this position. Further, the IdoAp residue overwhelmingly prefers 2 S O conformation over 1 C 4 (∼89%), suggesting that the self-consistency filter is greatly sensitive to the local topology of the GAG helix. Finally, location H with GlcNp residue tolerates considerable variations, e.g., sulfation and acetylation in the 6-and 2-positions assuming that the highaffinity DEF sequence is present.
The GOLD scores for the 9 hexasaccharide sequences ranged from 109.5 to 127.5 suggesting each of these sequences to be potent antithrombin ligands. Yet, despite having all the key structural features these are not as potent as sequence-specific pentasaccharide H5, which shows a GOLD score of 140.
Comparison of the docking geometry of H5 with that of the hexasaccharide sequences reveals a lateral displacement of 0.3-0.5 Å in all solutions irrespective of substitution pattern. This effect is most noted on G and H residues, resulting in weaker interactions at the reducing end of the sequence. Although the small difference in binding geometry between pentasaccharide H5 and hexasaccharides remains unconfirmed, previous biochemical experiments have suggested a lateral movement as chain length increases. 61 Identification of an Unusual High-Affinity, High-specificity Sequence. Our combinatorial virtual screening approach results in one hexasaccharide sequence that binds antithrombin in an unusual, unexpected manner. This sequence, IdoAp2S (1f4) GlcNp2Ac (1f4) IdoAp2S (1f4) GlcNp2Ac (1f4) IdoAp (1f4) GlcNp2S6S (Figure 8 ), does not have the critical DEF scaffold, is much less sulfated than H5, and has all three IdoAp residues in 1 C 4 conformation. The sequence binds antithrombin reproducibly in triplicate docking experiments with a GOLD score of 109.0 indicating a high-affinity, high specificity interaction. The binding geometry is unique but distinct from H5 and other sequences identified above ( Figure  8 ), specifically the sequence occupies part of both the pentasaccharide-binding site and the extended-heparin binding site in antithrombin. 2 Significant binding energy originates from hydrogen bonding with amino acids Arg13, Arg46, Arg47, Lys125, and Arg129, in which the sulfate groups at the 2-position of the GlcNp and IdoAp residues make multivalent interactions. At the same time, greater than 50% of its binding energy, as predicted by the modified GOLD score, originates from van der Waals interactions. Thus, despite a lower than normal sulfation level, a fortuitous combination of sequence and conformational features introduces high antithrombin affinity in this sequence.
It is difficult to predict whether this sequence will be physiologically active. The observation that less sulfated GAG sequence can demonstrate high antithrombin specificity in silico is exciting. Assuming that specific interactions of H5 are responsible for the allosteric conformational change in antithrombin, the dramatically different binding geometry suggests reduced likelihood of an agonist activity in this unusual sequence. At the same time, the high affinity of the sequence suggests an antagonistic activity may be expected.
Conclusion and Significance
Our interest in heparin/HS stems from our work on rational design of antithrombin-based anticoagulants. 2, [42] [43] [44] 62 Despite being the anticoagulant of choice for the past 8 decades, heparinbased therapy is still beset with several adverse effects, principal being an enhanced risk toward bleeding. A large body of structure-activity studies spanning more than two decades resulted in several potent pentasaccharides, of which fondaparinux was introduced in the clinic in late 2001. 14, 15, 63 Yet, these pentasaccharides, and also several low-molecular-weight heparins introduced in mid-1990s, 62 are essentially 'heparin' and structurally represent a small advance.
Nonheparin anticoagulants with high specificity for antithrombin may afford a solution to current adverse effects of heparin therapy. Yet, designing nonheparin, organic activator-(s) of antithrombin is challenging, especially due to the nonavailability of techniques that address specificity of binding. 43 Previous two simulations of heparin pentasaccharide binding to antithrombin were successful in identifying only a few of the critical interactions. 40, 41 A major reason for this is the difficult simulation of GAG interactions originating from the primary sequence complexity of GAG polymers, the inadequate parametrization of sulfate groups, and the shallow, exposed, and highly flexible nature of GAG binding pockets.
Most docking approaches to date focus primarily on the affinity of interaction and minimally on the specificity of interaction. 64 Predicting affinity accurately of protein-ligand complexes is in its infancy, especially due to the poorly defined contribution of water molecules in the process. Further, affinity alone is not a powerful tool in predicting potent GAG sequences because of poor sensitivity to structural change, as the current study (see Figure 6 ) and work elsewhere demonstrate. 42 Instead of affinity, our genetic algorithm-based approach places emphasis on specificity of interaction. This approach affords screening of a large amount of conformational space that ensures elimination of a number of false positives. Thus, specificity is perhaps a more critical filter that offers significantly high reliability.
Our work represents the first approach on combinatorial library screening for heparin/HS GAGs. The phenomenal structural diversity of these GAGs is a challenge to medicinal chemists and represents a frontier extremely difficult to traverse through traditional structure-activity studies. 63 More specifically, it is impossible to ever isolate all the sequences so as to fully delineate their interaction with proteins. This work demonstrates that library screening is feasible for heparin/HS oligosaccharides, especially if a high-resolution crystal structure of the protein is available. Further, the approach is geared toward predicting high specificity sequences. Thus, it is expected to be especially useful for heparin binding proteins, e.g., heparin cofactor II, protein C inhibitor, and growth factors, for which specificity features remain poorly defined. In addition, for many other proteins, including glycoprotein D of herpes simplex virus-1 and protease nexin 1, information regarding the heparinbinding site may also become feasible.
Our dual filter strategysaffinity and specificitysutilized fairly stringent criteria for selection. While the affinity filter selected the upper 20% of sequences, the specificity filter was set to select only those sequences that satisfy self-consistency 100% of the time. In combination, a high overall enrichment was realized (∼660-fold). If one considers only those hexasaccharide sequences that possess IdoAp (1f4) GlcNp (1f4) GlcAp (1f4) GlcNp (1f4) IdoAp (1f4) GlcNp structure, which is the base sequence present in the final 9 hexasaccharides, even then the enrichment remains substantial (∼77-fold). It was possible to use high filtering stringency because antithrombinheparin interaction is biochemically a well-studied system. However, the stringent criteria may eliminate potentially useful information, especially for less well-understood systems.
Our combinatorial screening approach relies on a fundamental hypothesis. The combinatorial library was generated based on the 'average backbone' hypothesis in which uniformity of interglycosidic torsion angles, irrespective of sequence and intraring conformational variability, is assumed. [46] [47] [48] [49] For heparin/ HS, this hypothesis appears to hold true for all known cases, although only a fraction of possible homogeneous sequences have been studied in solution. For GAGs other than HS, such as dermatan sulfate and chondroitin sulfate that involve mixed inter-glycosidic linkages, the approach needs rigorous testing.
Another approximation that our work relies upon is the rigid framework of the protein binding site during docking, despite the highly flexible nature of arginine and lysine side chains. The heparin-binding site in antithrombin is an engineering marvel. It possesses an exquisite asymmetrical arrangement of its positively charged residues, which are involved in the formation of intricate networks of charges. [58] [59] [60] 65, 66 Such networks, possibly of salt bridge-type or hydrogen-bondingtype, likely engineer some 'rigidity' in the binding site, thus supporting our rigid binding site approximation. For other proteins, such an approximation may not work. In such cases, a more rigorous virtual screening approach would be to combinatorially search the best combination of arginine and lysine side chain torsions, instead of the torsions frozen from the crystal structure. Such an exhaustive exercise is expected to be computationally time and cost expensive.
Although our approach was designed to identify individual GAG sequences with high specificity, it facilitates the extraction of a 'pharmacophore', key interactions that drive binding specificity. A map of RMSD of individual atoms, backbone, and functional groups can be readily created from the combinatorial library screening experiments to identify those locations with minimal variation, e.g., 3S F , 2S F , and 6S D in DEF, which define the pharmacophore. In contrast, domains with higher RMSD, and therefore possessing significant movement, define locations in which structural modification can be introduced to design new ligands. Thus, this approach is also likely to be useful for designing therapeutically useful molecules.
In conclusion, the work describes identification of highaffinity high-specificity heparin/HS sequences that bind antithrombin utilizing a combinatorial virtual library screening approach. The approach relies on a dual filter strategy involving affinity and specificity filters and is based on average heparin/ HS backbone hypothesis. The approach uses genetic algorithmbased docking and scoring protocol. The dual filter strategy, if found useful for other heparin/HS systems, is likely to be extremely useful in the design of pharmaceutically useful agents.
